Objective: To evaluate different injury factors and pathological characteristics of the brain at different disease stages in toxic milk (TX) mice, an animal model of Wilson's disease (WD).
LI M ITATI O N S
This study has a number of limitations. First, because ROIs were drawn by radiologists relative to anatomical structures, there may have been random variability in the measurements. To reduce this variability, two neuroradiologists independently made all measurements, with the reported value for each being an average of three different measurements. Second, copper and iron content were evaluated in homogenates of tissue cut to the same volume; thus, these values do not fully represent metal deposition in the whole nuclei. To reduce this variability, we averaged results from three tissue samples to obtain a value of metal content for each nucleus. Copper deposition has long been considered the only pathogenic cause of WD. Ceruloplasmin, a copper-containing plasma ferroxidase, plays an essential role in iron metabolism (Hellman & Gitlin, 2002) . Low ceruloplasmin levels and reduced ferroxidase activity may lead to storage of iron in WD. Recent studies have shown that WD may be complicated by high iron concentrations in basal ganglia of the brain (Kim et al., 2005; Sorbello, Sini, Civolani, & Demelia, 2010) . However, iron deposition in WD remains to be established.
| INTRODUC TI ON
In addition to metal deposition, it is not clear whether other pathogenic factors, such as oxidative stress injury, are present in WD.
Whether these risk factors differ in different stages of disease has also not been studied. It is similarly unknown whether characteristic pathological changes in WD, which include demyelination, axonal injury, and neuronal necrosis, are different in different stages of the disease.
Susceptibility-weighted imaging (SWI) is a sensitive method for detecting metals, particularly iron, that has been used for in vivo assessment of brain metal concentrations (Rossi, Ruottinen, Soimakallio, Elovaara, & Dastidar, 2013) . Abnormal SWI signals in the brains of WD patients have been previously reported (Lee et al., 2012; Zhou et al., 2014) . However, the characteristics of metal deposition in WD on SWI and the utility of this technique for evaluating copper deposition require further investigation. Importantly, whether SWI results reflect pathologic features of WD is not known.
Currently, pathological processes can be investigated using a variety of quantitative methods. Demyelination is analyzed histologically using Luxol fast blue (LFB) myelin staining (Sheng-Kwei Song et al., 2005) , and molecularly by measuring levels of myelin basic protein (MBP), a component of myelin (Gonzalez-Gronowa et al., 2015) .
Axonal damage is quantified by measuring axonal swelling by immunostaining for β-amyloid precursor protein (β-APP; Sheng- Kwei Song et al., 2005) and neurofilament protein 68 kDa (NF68; Lapin et al., 2015; Posmantur, Newcomb, Kampfl, & Hayes, 2000) .
In the current study, we sought to evaluate the different injury factors and pathological characteristics in different nuclei of the brains of TX mice at different disease stages using pathological and SWI methods.
| MATERIAL S AND ME THODS

| Animals
Thirty TX mice (10 each at 3, 6 and 12 months old) and 30 agematched C57 mice were used in this study. Mice were maintained in the animal housing facility of the East Area of the First Affiliated Hospital, Sun Yat-Sen University. All procedures were performed in TX mice. There was no correlation between metal content or oxidation index and pathological index. 
Conclusions
| Molecular resonance imaging (MRI) protocol
Anesthesia was induced via intraperitoneal injection of barbiturate (100 mg/kg). All animals underwent SWI tests of the brain. MRI data were obtained using an Achieva Nova Dual 3.0 T scanner (Philips Healthcare) equipped with eight-channel phased-array coils. A human finger coil was used for acquisition of imaging data. SWI images were obtained parallel to the anteroposterior commissural line using a high-resolution, gradient-echo sequence with the following parameters: TR/TE, 60/40 ms; flip angle, 18°; slices, 48; field of view, 230/184 mm; matrix, 240 × 240. All data were transferred to a workstation (Philips extended MR workspace 2.6.3.2; Philips Medical Systems) for offline analysis.
Regions of interest (ROIs) included the lenticular nucleus, thalamus, brain stem, and cerebellum, and were placed by two radiologists according to the rat atlas. Values of the corrected phase (CP) of ROIs were verified on SWI. Random variability in measurements was reduced by computing each value as an average of three different measurements.
| Histological studies
Histological analyses were performed on all mice. After euthanizing animals with an overdose of barbiturate, brains were quickly removed and fixed with paraformaldehyde or frozen. Tissues containing the lenticular nucleus, thalamus, brain stem, and cerebellum were sliced into 2-µm-thick sections. Nerve cells were Nissl-stained and quantified 
| Statistical analysis
Results are presented as means ± SEM. Statistical analyses were performed using SPSS 13.0. (SPSS Inc.). Parameters of TX and C57 mice were compared using independent sample t tests (two-tailed t test).
Associations between histological parameters and metal content were assessed by Pearson's correlation analysis. p-values <.05 were considered statistically significant.
| RE SULTS
| CP values
Corrected phase values were significantly different between 3-months-old TX and control mice in the lentiform nucleus (p = .023).
At 6 months of age, CP values for TX mice were lower than those for control mice in the lentiform nucleus (p = .033) and thalamus (p = .021).
CP values for 12-months-old TX mice were lower than those of control mice in the lentiform nucleus (p = .041), thalamus (p = .029), brain stem (p = .043), and cerebellum (p = .039; Table 1 , Figure 1 ).
| Pathology findings
No significant differences in nerve cell counts between TX and C57 mice were observed at 3 or 6 months of age. However, nerve cell counts were decreased in 12-months-old TX mice compared with (Table 2) . IOD values for NF-68 were lower in the lenticular nucleus and thalamus (p = .034 and .037, respectively) of 6-months-old TX mice and in the corresponding nuclei (p = .006 and .012) of 12-months-old TX mice compared with C57 mice (Figure 2) . IOD values for β-APP were higher in the thalamus of 6-months-old (p = .037) and 12-months-old (p = .012) TX mice compared with C57 mice (Figure 2) . Gray values for NF-68 were significantly lower in the lenticular nucleus and thalamus of TX mice at 6 months old (p = .035 and .040, respectively) and 12 months old (p = .016 and .029, respectively) compared with C57 mice (Figure 3 ).
Copper content was significantly higher in the lenticular nucleus (p = .031) and thalamus (p = .039) of 3-months-old TX mice; it was also significantly higher in the lenticular nucleus, thalamus, brain stem, cerebellum, and cortex (p = .027, .011, .040, .016, and .025, respectively) of 6-months-old TX mice and in the corresponding brain nuclei (p = .017, .022, .011, .041, .044) of 12-months-old TX mice compared with C57 mice (Table 3) . Iron content was higher in the lenticular nucleus (p = .044), thalamus (p = .038), and cerebellum (p = .029) of 6-months-old TX mice, and was also significantly increased in the corresponding regions (p = .017, .024, .029) of 12-months-old TX mice compared with C57 mice (Table 3) .
Nitric oxide synthase gene amplification multiples were higher (p = .039), whereas SOD1 gene amplification multiples were lower (p = .041)
in 12-months-old TX mice compared with age-matched C57 mice (Table 4) .
| Correlations between pathological or metal parameters and SWI parameters
There 
| D ISCUSS I ON
Wilson's disease is an autosomal recessive defect of cellular copper export. Brain lesions of WD patients are usually symmetrical, involving the globus pallidus, putamen, claustrum, thalamus, cortical and F I G U R E 2 Nissl staining in the lenticular nucleus (1), thalamus (2), brain stem (3), cerebellum (4) of C57 mice. Nissl staining in the lenticular nucleus (5), thalamus (6), brain stem (7), cerebellum (8) in TX mice of 12 months old. The nerve cell counts in the lenticular nucleus and thalamus decreased in TX of 12 months old than C57 mice (9). Sections of C57 mice with LFB staining in the lenticular nucleus (10), thalamus (11), brain stem (12), cerebellum (13), and sections in TX mice of 6 months old with LFB staining in the lenticular nucleus (14), thalamus (15), brain stem (16), and cerebellum (17) Therefore, the purpose of our study was to study the pathological characteristics and different pathogenic factors of different disease stages in the brain of TX mice, an animal model of WD.
To quantify myelin content, we performed histological analyses using LFB-PAS staining. MBP was additionally measured as means for detecting demyelination. We observed a decrease in LFB myelin staining and increased MBP content in subcortical nuclei of TX mice at age 6 and 12 months, indicating demyelination in these regions.
Axonal degeneration was assessed by quantifying NF-68 and β-APP levels using immunohistochemistry and Western blotting. NF-68 is an important structural component of neuronal axons (Posmantur et al., 2000) , whereas β-APP is transferred along axons. Axonal injury was detected in 6-and 12-months-old TX mice, as evidenced by a decrease in NF-68 and an increase in β-APP content. The number of nerve cells was also significantly decreased in 12-months-old TX mice, indicating nerve cell damage at this age. The above results suggest that brain pathological features characteristics of TX mice differ at different ages. At an early stage of the disease (3 months old), there may be no significant pathological damage. In the middle stage of disease (6 months old), demyelination and axonal injury were clearly evident in the brains of TX mice, but no obvious neuronal necrosis was found. In the late stage of disease (12 months old), obvious necrosis of nerve cells was detected in the TX mouse brain.
Abnormal iron deposition in the brain has been observed in many chronic diseases (Han et al., 2013; Zhang et al., 2009) . Consistent with this, we found increases in both copper and iron content in subcortical nuclei of TX mice. Ceruloplasmin, a potent ferroxidase that catalyzes the conversion of ferrous to ferric iron, is essential for iron transport across the cell membrane (Zhang et al., 2009 Note: Data are presented as means ± standard deviation.
*Statistically significant compared to healthy controls (p ≤ .05).
TA B L E 2 MBP values in brains of mice (pg/ml)
F I G U R E 3
Western blot of β-APP and NF-68 in the lenticular nucleus (a), thalamus (b), brain stem (c), and cerebellum (d) in TX mice of 6 months old and lenticular nucleus (e), thalamus (f), brain stem (g), cerebellum (h) in C57 mice are shown. Gray values of WB of β-APP (i).
Gray values of NF-68 were significantly lower in the lenticular nucleus (p = .035) and thalamus (p = .040) in TX of 6 months old than in C57 mice (j). ※: p ≤ .05 compared with C57 mice 2013). In the early stages of the disease (3 months old), abnormal deposits of copper are present in subcortical nuclei. The deposition of copper and iron in the brains of TX mice increases gradually with increasing age. In addition, there are differences in metal deposition between different sites. Notably, metal deposition was significantly higher in subcortical nuclei than in the cortex.
In addition to metal deposition, other damage factors may be present in the WD brain. Excessive NO, generated by copper-dependent up-regulation of inducible NOS (iNOS; Kumar et al., 2012) , can inhibit the mitochondrial respiratory chain and cause cell death (Phani, Loike, & Przedborski, 2012) . The glutathione (GSH) system, which includes reduced GSH and GSH peroxidase (GSH-PX), is an important free radical scavenging system in the brain (Valente, Arena, Torosantuccil, & Gelmetti, 2012) . Superoxide dismutase (SOD) is one of the key enzymes involved in protecting cells from oxidative stress (Cury et al., 2016) . The hydroxyl radical (OH-), the most active oxygen species, can be decomposed by catalase (CAT).
Therefore, CAT levels determine the degree of oxidative stress. We found that expression of the NOS gene in 12-months-old TX mice was higher than normal, suggesting an abnormally increased oxidative stress response. However, GSH-PX in 12-months-old TX mice was lower than normal, indicating decreased antioxidant capacity.
The above results suggest the presence of abnormal oxidative stress in TX mice at the late stage of disease (12 months old), indicating that this may be another pathogenic factor involved in WD nerve injury.
Hypointense signals in SWI may reflect mineral deposition (Lee et al., 2012) . Although a negative correlation between changes in the SWI signal and iron accumulation has been confirmed (Zhang et al., 2009) , the utility of SWI in evaluating copper deposition and associated pathological processes has yet to be established. Abnormal SWI signals in the brain of WD patients were previously thought to reflect both iron and copper deposition (Lee et al., 2012; Zhou et al., 2014) . But the correlation between copper deposition and CP values should be confirmed by pathological research. Since copper is paramagnetic, it is possible that the observed abnormalities reflect copper deposition (Hingwala et al., 2013) . Our data showed that Hypointense signals on SWI result from a combination of copper and iron deposition in TX mice, but do not reflect axonal injury or demyelination.
TA B L E 4
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